At high concentrations (10 ug/ml), actinomycin D inhibited deoxyribonucleic acid (DNA) synthesis in Bacillus subtilis. Inhibition occurred quickly (in less than 1 min) and was complete. In strain 23 thy his, inhibition of DNA synthesis by actinomycin D was followed by partial degradation of one of the two daughter strands to acid-soluble products. Degradation began at the replication point and proceeded over a distance equal toabout 12% of a chromosome in length. ActinomycinD played some essential part in degradation, since exposure of the cells to other treatments or agents which inhibit growth did not lead to the above result.
Actinomycin D (ACT) is a naturally occurring antibiotic which at low concentrations specifically inhibits deoxyribonucleic acid (DNA)-dependent ribonucleic acid (RNA) synthesis. At high concentrations, ACT inhibits DNA replication as well (6, 13, 25, 28, 30) . In vitro inhibition of DNA synthesis is not due to competition between synthesis and destruction by ACT, but is in fact inhibition of new synthesis (6) . Inhibition of DNA synthesis by ACT is due to alteration of the DNA primer rather than to direct interference with DNA polymerase (14, 25) . Concentrations of ACT which inhibit DNA synthesis also cause a marked increase in the temperature required to denature the DNA (17, 25) . This and other experiments have been interpreted to mean that bound ACT increases the binding energy of the guanine-cytosine pair in DNA (17) , thus stabilizing the , form of the DNA (12) and preventing the strands from separating.
There are two classes of DNA-binding sites for ACT (2, 10) . Although there is some disagreement, it appears that there is approximately one strong binding site per 14 nucleotides in most natural DNA molecules; the number of weak binding sites is approximately equal to the number of guanine residues (10) . Binding at the strong sites is responsible for inhibition of RNA synthesis, whereas binding at the weak sites is almost certainly responsible for the physical changes in DNA which make it unsuitable as a primer for DNA synthesis. Both classes of sites must involve guanine residues, since artificial DNA which contains only adenine and thymine does not bind ACT (11), and since there is an absolute requirement for the 2-amino group of purines for binding to take place (3) . Denaturation (12) seems to be in good agreement with the known properties of the strong binding sites. It seems unlikely that the weakly bound ACT could be attached by intercalation (16) because it is inclined 230 to the plane of the DNA bases (10) , and because it does not increase either the viscosity of the DNA (20) or its radius of gyration (2) .
There is steric hindrance between ACT molecules bound to two guanine residues which are close to one another (10, 11) . The binding energy of the ACT-DNA complex is probably derived from hydropbobic interactions (10, 21, 22) .
Concentrations of ACT which are sufficient to inhibit DNA synthesis also protect DNA from digestion by deoxyribonucleases in vitro (7, 29) .
These concentrations also inhibit dark repair of ultraviolet (UV) damage in Bacillus subtilis by preventing breakdown of DNA which contains photoproducts (27) . This paper will describe ACT-induced degradation of a daughter strand adjacent to the DNA replication point in a strain of B. subtilis during exposure to a concentration of ACT which was sufficient to inhibit DNA synthesis.
DNA DEGRADATION IN B. SUBTILIS MATERIALS AND METHODS
Bacterial strains. B. suibtilis strains 23 thy and 168 thy iizd have been described elsewhere (9) . Strain 23 thy his is a histidine-requiring strain which was derived frcm strain 23 thy by mutagenesis with Nmethyl-N'-nitro-N-nitrosoguanidine followed by enrichment for amino acid auxotrophs by thymine starvation.
Media. Cells were grown in a medium composed of Estimation of trichloroacetic acid-precipitable counts in whole cells. At intervals, 0.5 ml of cell suspension was precipitated with 0.5 ml of cold 10%/C trichloroacetic acid. After several hours in the cold, the precipitates were collected on Millipore membranes (HAWG-023) and washed with cold 5%lo acid. The dried filters were counted in a low-background, gas-flow counter or were placed in a toluene-lbase scintillation fluid and counted in a scintillation counter. Low-activity samples were counted until at least 500 counts had accumulated.
Adding unlabeled thymine or ACT to the acid did not significantly decrease the number of acid-precipitable counts obtained by the above procedure. Thymine-2-'4C was added to a precipitate of unlabeled cells in cold 5%6`acid. The sample was divided into three fractions, one of which was untreated, the other two of which were supplemented with either thymine (20 ,g/ml) or ACT (5 ,g/ml). After several hours in the cold, the samples were collected and washed as described above. The percentage of labeled thymine recovered in the acid-precipitable fraction was: untreated, 0.1 1; thymine-treated, 0.089; ACTtreated, 0.070.
Cesium chloride gradients. Cells were lysed as follows. Samples (5 ml; approximately 7 X 107 cells) were chilled, supplemented with 0.02% Merthiolate, and concentrated into 0.9 ml of standard saline-citrate (SSC; 23); they were incubated with lysozyme (I mg/ ml) at 37 C for 30 min, chilled in ice, and treated with 0.1% sodium dodecyl sulfate for 10 min; the cells were then frozen (dry ice) and thawed (37 C) three times and incubated with Pronase (1 mg/ml) overnight at 37 C. (Pronase was incubated at 37 C in aqueous solution for a few minutes before it was added to the cell lysate, in order to inactivate any contaminating nucleases.) The volume was adjusted to 2.1 ml with SSC, 2.8 g of CsCl was added, and the solution was centrifuged in a Spinco SW-50 rotor at 100,000 X g and 25 C for 48 hr. Fractions were collected from the bottom of each tube, precipitated with cold 5%10 trichloroacetic acid, and assayed for radioactive counts in a scintillation counter, as described above.
RESULTS
Inhibition of DNA synthesis by ACT. At low concentrations, ACT did not seem to affect DNA synthesis directly, but at high concentrations (10 ,ug/ml) it completely inhibited DNA synthesis in less than 1 min (Fig. 1) . The magnitude of inhibition at each concentration is in good agreement with the values measured in in vitro experiments (13, 25) . Although the data shown are for strain 23 thy his, strain 168 thy ind gave identical results in a similar experiment.
Degradation of DNA during exposure of cells to ACT. When cells which contained label only in the parental DNA strands (long or short regions) were exposed to ACT, a fraction of the label was degraded to acid-soluble material (Fig. 2) . The extent of loss was small (11 % in 140 min) and the rate of loss was essentially constant over the period observed. This loss, which will be referred to as "nonspecific degradation," may have been due to autolysis of dead cells. 10 ,ug/ml; 0, 2 ,ug/ml; A, 0.5 4g/ml; *, control). before exposure to ACT (Fig. 3 ). There was an initially rapid rate of loss which approached zero after 60 min. The rate and extent of loss were dependent on the size of the labeled region, each being larger for short pulses than for long. Dose dependence of degradation. The minimum concentration of ACT which led to the maximal degradation of pulse-labeled DNA was 10 ,Ag ml.
Higher concentrations did not increase the fraction of counts lost from pulse-labeled cells, although they did increase the magnitude of nonspecific degradation (Table 1) .
Is the degraded material really DNA? When cells were pulse-labeled with radioactive thymine (3H or 14C), essentially all of the initially present acid-precipitable counts banded with DNA in a CsCl density gradient, as did the counts remaining after exposure to ACT (Fig. 4) . This result indicates that nearly all of the acid-precipitable counts found in cells after short pulses were incorporated into DNA rather than into substances other than DNA. Further evidence that the observed degradation is not an artifact is that degradation did not occur in strain 168 thy ind ( Table  2 ). DNA synthesis in the latter strain showed precisely the same sensitivity to ACT as did strain 23 thy his, and nonspecific degradation did occur in strain 168 thy ind (12%o ofthe initially acid-precipitable counts were degraded in 140 min). Strain 168 thy ind lacks the degradative mechanism which is operative in strain 23 thy his.
Degradation not affected by absence of his marker. Since the his marker was introduced into strain 23 thy by treatment with N-methyl-N'-nitro-N-nitrosoguanidine, a very potent mutagen, the possibility existed that degradation was due to introduction of a second mutation along with the his mutation, or perhaps was due to the presence TIME (MIN.) of the his marker itself. The parent strain, 23 thy, was pulse-labeled with thymine-2-'4C and exposed to ACT. It behaved exactly like strain 23 thy his ( Table 2) . Viability of B. subtilis in medium containing ACT. At low concentrations (e.g., 0.5 ,ug/ml), ACT was bacteriostatic and dilution alone was sufficient to allow exposed cells of strain 23 thy his to form colonies. At higher concentrations (e.g., 10 Aglml), ACT was bactericidal (Fig. 5) .
The death curve for strain 23 (Fig. 6 ). (C) Degradation of both daughter DNA strands, starting at the replication point and proceeding back toward the origin for some distance (Fig.  6) . (D) Same as C, but with degradation starting at a point behind the replication point, leaving a "protected" region of daughter strands in the vicinity of the replication poin-t (Fig. 6) . (E) Same as C, but with only one daughter strand degraded (Fig. 6) . a These experiments were identical to those described in Fig. 3 , except for the strain of bacteria. In the above order, the average activity of each control culture was 125, 144, 106, and 70 counts per min per sample. (18) . When the amino acid is returned to the cells, the chromosomes begin to replicate and remain synchronous for a short time. In histidine-starved cells of strain 23 thy his, the amount of DNA initially present increased by about 55 % beforesynthesis stopped (Farmer, unpublished data) . Restoration of histidine led to immediate resumption of DNA synthesis (Table 5) .
Utilizing the above information, an experiment was performed to determine the fate of parentalstrand regions which were immediately adjacent to decaying daughter strands. Cells were starved for histidine in order to allow all of the chromosomes to finish previously initiated rounds of' DNA replication. The culture was then supplemented with thymine-methyl-3H and histidine and allowed to grow for 10 min before the labeled thymine was removed. After an additional 20 min, the histidine was also removed, and the cells were again starved for histidine for 3 hr. Histidine and thymine-2-14C were added to the suspension and left for 10 min. At this point, the cells were washed and suspended in SGGHT with ACT, and degradation of the labeled DNA wasmeasured as usual. After correction for selfabsorption, the tritium counts in the ACT-treated culture had decreased by 11% in 120 min compared with the control, and the 14C counts had decreased by 32%o. (The latter corresponds to loss of a single strand equal to 0.096, as calculated in Table 4 .) Although the daughter strand decayed normally, the adjacent parent strand did not decay beyond the 11 % expected for nonspecific degradation.
Is ACT unique in inducing degradation? Thequestion arose whether the addition of ACT to the cells led to DNA degradation because it was directly involved in the degradative process or because it inhibited DNA synthesis or growth (or both). synthesis very strongly (4) . The DNA of thyminestarved cells of strain 23 thy his was not degraded (Table 6 ). In addition, thymine starvation of this strain in the presence of ACT did not alter either the rate or the extent of degradation which is normally seen. The former result agrees with the data of others who showed that thymine starvation of E. coli 15 T-did not lead to breakdown of DNA (26) .
Effect ofpuromycin dihydrochloride. Puromycin is a potent inhibitor of protein synthesis. At the concentration used (30 t4g/ml), the increase in cell (Table 6) .
Effect of 9-aminoacridine (9AA). Acridines such as 9AA bind to DNA by intercalation and interfere with DNA and RNA synthesis (13) . A very high concentration of 9AA is required to inhibit DNA synthesis in 23 thy his (Table 7) ; even at the highest concentration used, there was only slight degradation of DNA (Table 6) .
Effect of phleomycin. Phleomycin has been reported to be a specific inhibitor of the DNA a Exponentially growing cultures were washed free of histidine, incubated in its absence for 3 hr, and then resupplemented with histidine concurrently with the addition of thymine-2-14C. Each culture was sampled at intervals for acid precipitable counts. The results are expressed as millimicromoles of thymine incorporated per celldoubling. a In all experiments except the one indicated, strain 23 thy his was used. The conditions of each experiment were those described in Fig. 3 , except that the indicated drug or treatment was provided in addition to or in place of ACT. In the above order, the average activity of each control culture was 89, 266 polymerase-catalyzed reaction in vitro (8) . This drug interfered with both DNA and RNA synthesis in strain 23 thy his, although it inhibited the former more strongly ( Table 7) . Addition of phleomycin to pulse-labeled cells led to degradation of the labeled region of the DNA, but degradation was complete and did not resemble that seen in the presence of ACT (Table 6) . Also in contrast to ACT, phleomycin treatment led to massive degradation in strain 168 thy ind. Phleomycin resembles mitomycin in its effect on cellular DNA (15, 26) .
Effect of energy deptivation. Since B. subtilis is an obligate aerobe, it is possible to deprive cells of energy, and thus inhibit growth, by incubating them under a nitrogen atmosphere. Degradation of pulse-labeled DNA was inhibited almost completely when cells were incubated under nitrogen during exposure to ACT (Fig. 8a) . Inhibition of degradation was not due to exclusion of ACT from the cells, as shown by two experiments. (i) Delaying the replacement of air by nitrogen for 10 min after ACT had been added to the cells did not alter the subsequent inhibitory effect of energy deprivation (Fig. 8b) ; 10 min was sufficient to allow a substantial incorporation of ACT into the cells, as judged by the color of washed cells and by the decay of counts in cells given a very short pulse of labeled thymine (see, e.g., Fig. 3 ).
(ii) The pattern of uptake of ACT-methyl-14C was the same (Fig. 9) for cells which were incubated under air or under nitrogen. (The latter were incubated under nitrogen for 5 min before addition of ACT as well as during exposure to it.) Incorporation of ACT was so rapid that the initial kinetics could not be measured. After 10 min, the number of ACT molecules incorporated per cell was approximately 6 X 107 (about 6 ACT molecules per DNA guanine residue).
Clearly, neither inhibition of cell growth nor interruption of DNA synthesis is sufficient to induce DNA degradation of the sort seen in the presence of ACT. The drug must play some active part in the degradative process. What that role might be will be discussed below.
-Z~~~~~~~~~~-- 10 ,ug/ml). At intervals, samples were removed, process (27) , but the relation of this observation to (Millipore HA WG023), washed with 5 ml of the degradation reported in this paper is not dium, and assayed for radioactive counts (O, obvious.
air; 0, nitrogen). DISCUSSION The effect of large doses of ACT on bacterial cells does not resemble that of mitomycin C, which leads to massive destruction of cellular DNA and very rapid loss of viability (15, 26) . The effect of nalidixic acid (5) is somewhat similar to that reported here for ACT, but the published data are not sufficient to make a detailed comparison.
A working hypothesis, which is currently being tested, has been adopted to explain the mechanism of degradation. It is as follows. ACT binds to the DNA in some unspecified manner, such that the replication point is physically altered, freeing the ends of the daughter strands for attack by an exonuclease. Degradation of only one daughter strand could be due to specificity of the exonuclease for only one of the two chemically distinct, free ends. The limitation of degradation to 12% of a chromosome length could be due to random termination of the degradative process, the observed value being the mean value for the population. The requirement for energy remains unexplained, although it is possible to construct a number of very hypothetical models.
APPENDIX
The calculation of the fraction of counts lost from a pulse-labeled region for each of the models is straightforward except for two corrections. One correction, P, is the fraction of the label which is contained in parental DNA strands owing to chromosomes which complete replication during the labeling period. This fraction of label is thus removed from the pool of label which is degradable. The second correction, Q, is the fraction of the label which is contained in daughter strands whose length is less than the average length of the degraded region, owing to chromosomes which began a new round of replication late in the labeling period. All of the label in this fraction will be degraded. Derivation Derivation of Q. The amount of label, u(a), which is contained within daughter strands which began replicating at the origin of replication sometime during the labeling period and which were replicated for a length less than or equal to an arbitrary length a, where a is less than r, is given by the expression u(a) = (a) + (a -1) + *-+ (2) + (1) a-1 -Z (a-n) n =0
The total amount of label which is contained in the region from the origin to a is equal to b * r, where b is a dimensionless number which is numerically equal to a. Therefore, the fraction of label, fi, within the region between the origin and a which has not replicated beyond a is given by the expression u(a) b * r
The fraction of the total label which is contained in the length a is equal to a/L. If a is taken to be equal to the length of the degraded region, then Q is given by the expression (the protected region is set equal to 1% of a chromosome in length on the basis of the data in Fig. 3 
